Ecological responses to climate change may occur gradually with changing conditions, or they may occur rapidly once some threshold or ''tipping point'' has been reached. Here, we use a highresolution, 30-year data set on the upper vertical limit of a high intertidal alga to demonstrate that distributional shifts in this species do not keep pace with gradual trends in air temperature or sea level, but rather occur in sudden, discrete steps. These steps occur when unusually warm air temperatures are associated with unusually calm seas and are contingent in the sense that neither atmospheric nor sea conditions by themselves were sufficient to generate the underlying physiological challenge. Shifts in the upper limit did not correlate with large environmental perturbations such as El Niñ os; rather, they appeared to be associated with stochastic departures from otherwise gradual environmental trends. Our results exemplify the view that multiple environmental factors should be considered when attempting to understand ecological responses to climate change. Furthermore, punctuated responses such as those we have identified urge caution when attempting to infer causal mechanisms and project future distributional shifts using data of limited temporal resolution or scope.
Ecological responses to climate change may occur gradually with changing conditions, or they may occur rapidly once some threshold or ''tipping point'' has been reached. Here, we use a highresolution, 30-year data set on the upper vertical limit of a high intertidal alga to demonstrate that distributional shifts in this species do not keep pace with gradual trends in air temperature or sea level, but rather occur in sudden, discrete steps. These steps occur when unusually warm air temperatures are associated with unusually calm seas and are contingent in the sense that neither atmospheric nor sea conditions by themselves were sufficient to generate the underlying physiological challenge. Shifts in the upper limit did not correlate with large environmental perturbations such as El Niñ os; rather, they appeared to be associated with stochastic departures from otherwise gradual environmental trends. Our results exemplify the view that multiple environmental factors should be considered when attempting to understand ecological responses to climate change. Furthermore, punctuated responses such as those we have identified urge caution when attempting to infer causal mechanisms and project future distributional shifts using data of limited temporal resolution or scope.
Mazzaella parksii ͉ intertidal zonation ͉ range shift ͉ sea level ͉ temperature D istributional limits, especially as determined along steep physiological gradients as found on mountain slopes and rocky intertidal shores, provide ecologists with model systems against which to evaluate the relationship between the biota and the environment. Studies of such systems are particularly instructive with regard to the effects of anthropogenic climate change. Globally, the planet's surface warmed by Ϸ0.74°C during the 20th century, and is expected to rise another 1.8Ϫ4.0°C during the current one (1) . Ecological responses to climate forcing are already evident in the form of shifting patterns of species distribution and abundance (2) (3) (4) . Although a wide range of ecological changes has been attributed to climate forcing, the mechanistic relationships between shifts in the abiotic environment and ecological responses are not straightforward.
Temporal shifts in the distribution and abundance of species may be gradual or punctuated; each of these patterns suggests different mechanisms and has different implications. Distributional limits or local abundance may change gradually because the underlying forcing agent(s) is (are) changing gradually or because populations are buffered in ways that ''smooth out'' stochastic environmental fluctuations (e.g., sublethal effects and time lags between changes in the environment and changes in population size). Conversely, punctuated ecological change may be the result of sudden changes in forcing agents (e.g., climatic regime shifts) or the effects of gradual or stochastic changes that periodically, either acting independently or together, exceed some critical threshold or ''tipping point.'' In the case of tipping points, ecological change is rapid, temporally nonlinear, and difficult to anticipate, even when the underlying climatic change is gradual and temporally linear (5, 6) . Evidence for the importance of tipping points has been accumulating in a wide range of ecological systems and in organisms ranging from diatoms to copepods to salmon (6) , and tipping points are often well described in ecological models (e.g., ref. 7) .
Although distributional shifts along gradients of latitude, elevation, and depth are considered to be the ''fingerprint'' of anthropogenic climate change (3, 4) , there is remarkably little information on the extent to which distributional shifts occur as sudden changes associated with tipping points. Most of the data on range shifts consist of very few time points-often just a beginning and an end. Thus, many range shifts can be correlated to general trends, but not attributed to specific climatic circumstances that allow (or prevent) the existence of a species in a particular place. Although broad-brush patterns encourage broad-brush predictions, they do not permit identification of important thresholds or make specific mechanistically based predictions regarding future range shifts in species of ecological or socioeconomic concern. This is especially true when ecological change is driven by rare combinations of environmental conditions.
Here, we investigate the patterns and underlying causes in changes in the vertical distribution of an intertidal red alga, Mazzaella parksii, in a high-resolution data set from Tatoosh Island, Washington State. (See Methods for life history details). Like many intertidal organisms, M. parksii already lives near its environmental tolerance limits, particularly with regard to temperature (8) . Once disturbed, limited dispersal (generally Ͻ50 cm) and extremely poor survivorship of recruits result in long recovery times even if source populations are nearby. M. parksii zonation thus serves as a model system for understanding larger-scale distributional shifts across gradients of latitude, elevation, and depth. In this study, we compare multidecadal change in the upper limit, measured as frequently as every 2 weeks during the summer, to variation in abiotic stress. Specifically, we ask: (i) how has the intertidal environment changed, (ii) how has the vertical distribution of M. parksii changed, and (iii) if distributional change has not followed a temporally gradual trend, what are the potential mechanistic linkages between the environmental forcing and the ecological response?
Results and Discussion
Changes in the Abiotic Environment. Air temperatures in northwest Washington State are influenced by both global warming trends and regional climatic cycles such as the Pacific Decadal Oscillation (PDO). The PDO alternates between warm and cool phases every 2 to 3 decades and underwent a well-known phase shift (cool to warm) in 1976 (9, 10); this shift is apparent in the increase in average summertime (April-September) daily maximum air temperatures near Tatoosh Island in the mid-1970s (Fig. 1A) . In a multiple regression analysis, the effect of year (i.e., the effect of the anthropogenic signal which is, to a first approximation, temporally linear) and the effect of summertime PDO index (a cyclical signal) were both significantly related to summertime average daily maximum air temperature (year effect: F 1,87 ϭ 9.16, P ϭ 0.0033; summertime PDO effect: F 1,87 ϭ 26.3, P Ͻ 0.0001). Together, these 2 variables accounted for approximately one-third of the variation in average daily maximum summer air temperatures over the past 99 years (multiple regression R 2 ϭ 0.32). Overall, the mean daily high temperature during the summer months has increased at an average rate of 0.131°C per decade over the past century ( Fig. 1 A) .
Relative sea level is also changing in the vicinity of Tatoosh Island, although the net effect is not in the expected direction. While global sea level has been rising an average of 1.8 mm per year since 1960 and as fast as 3.1 mm per year more recently (1), northwest Washington is being thrust upward at an even greater rate by the accumulation of strain associated with the subduction of the Juan de Fuca tectonic plate (11) . The net result is relative sea level fall at Neah Bay, located 9 km east of the study site. The rate of this fall, in terms of the height of mean higher high water (MHHW), is Ϸ1.88 mm per year over the past 75 years (Fig. 1B) , although brief anomalies (e.g., the 1982/1983 and 1997/1998 El Niño events) are readily apparent. The overall negative trend in the height of MHHW, using monthly data corrected for the annual cycle in tidal amplitude, was highly significant (F 1,873 ϭ 216, P Ͻ 0.0001, R 2 ϭ 0.20). From an organism's perspective, the net decrease in sea level should increase the physiological stresses at its upper limit and be reflected in a gradual decline of that limit.
Shifts in the Upper Limit of M. parksii. Despite ongoing environmental change, the upper limit of M. parksii remained remarkably stable from 1978 until 1993 (Fig. 2) . (See Methods for details of upper limit assessment). In the summers of 1993 and 1994, and again in 1997, there were marked declines, although the upper limit recovered to its former position by the following spring. These recoveries were likely enabled by regrowth from the encrusting basal phase of this alga, which can survive even after the more easily observed upright fronds have been removed by disturbance (12) . During the summers of 1995 and 2004, downward displacements of the upper limit occurred from which M. parksii has not recovered. Our data suggest that temperature shocks in these 2 years were sufficiently severe to kill the encrusting basal system (see Causes of Distributional Shifts below). Neither of the 2 major El Niños (1982-1983 and 1997-1998 ) that occurred during our study appeared to have had any lasting effect (Fig. 2) , suggesting that the pronounced and sustained shifts in the upper limit had other causes.
Within the pronounced interannual changes in the position of the upper limit, there were repeated seasonal patterns. The upper limit of visible M. parksii fronds generally advanced upshore during the winter and retreated downshore during the summer (see Table S1 ). When comparing the position of the upper limit in April/May to that in August/September, summertime retreats occurred in 23 of 30 years. The average magnitude of this change (mean Ϯ SE) was Ϫ3.01 Ϯ 0.75 cm (where negative means downshore), which was significantly different from zero (Wilcoxon signed rank test, df ϭ 29, t ϭ Ϫ171.5, P Ͻ 0.001). The change from late summer to the following spring was on average upward (2.56 Ϯ 0.69 cm) and was also significantly different from zero (Wilcoxon signed rank test, df ϭ 28, t ϭ 156.5, P Ͻ 0.001). Again, the apparent winter recovery of the upper limit in most years was likely accomplished by regrowth of upright fronds from a surviving encrusting basal system (12) . Temporal variation in the position of the upper limit-seasonal or otherwise-did not change among the 3 relatively long periods of stasis (i.e., 1978-1992, 1998-2003, and 2005-2008 ; O'Brien's test for heterogeneity of variance P ϭ 0.70). The apparent increase in variability after 1992 (see error bars in Fig.  2 ) arose because the post-1992 upper limit changed by different amounts in each of the 8 transects, leading to spatial variation in the displacement from the 1978-1992 means to which the data in each transect were standardized. Error bars are standard error (n ϭ 8 sampling transects). The 2 strong El Niñ os that occurred during the study period (arrows) had no discernible effect on the upper limit.
Causes of the Distributional Shifts. Algal thallus temperature is determined by a variety of factors, including air temperature and the duration of emersion (13) . M. parksii is known to be vulnerable to thermal stress associated with south-facing slopes and prolonged emersion during low tide (8) . Waves have the potential to interrupt stress events by rehydrating organisms and by resetting body temperatures to that of sea water (14) . Thus, the upper limits of sessile species, including M. parksii, are generally higher on the shore in areas of increasing wave exposure (14) (15) (16) .
Given that stress will be positively related to air temperature unless ameliorated by waves (see also ref. 17) , we compared the magnitude of the drop in the upper limit of M. parksii within a 4-week period, expressed as the effect size (mean/standard deviation), to the highest temperature recorded on days when seas were calm (significant wave height Ͻ1.0 m) (Fig. 3) . The relationship was highly significant (F 1,17 ϭ 13.9, P ϭ 0.0018, R 2 ϭ 0.47), with maximum temperature explaining nearly half of the variation in the magnitude of the downward shift in the upper limit. The 2 drops from which there was no recovery (in 1995 and 2004) coincided with the 2 hottest days with calm seas (24.3°C and 25°C, respectively). Interestingly, the only hotter day on record at Tatoosh was 25.6°C on July 11, 2007 . Although the buoy west of Tatoosh was not functioning during 2007, the next closest buoy (Ϸ250 km south of Tatoosh, near the mouth of the Columbia River) recorded significant wave heights in excess of 2 m on that day. No change in the upper limit of M. parksii was associated with this high-temperature, high-wave event.
Despite many years of more moderate conditions, recovery from the 1995 and 2004 disturbances is not evident. One possible explanation is that the relative decline in sea level has made formerly occupied shore levels uninhabitable. This seems unlikely, however, since the rate of sea level fall (5.6 cm in 30 years) is much less than the downward shift in the algal turf's upper limit (roughly 16.8 cm in the 30 years since 1978). Alternatively, postdisturbance recovery may be hampered by the life history characteristics of M. parksii; dispersal is very limited (tens of centimeters), and isolated individuals, such as new recruits, are exceptionally vulnerable to desiccation, loss of photosynthetic capacity, and bleaching (18) . Experimental clearings in M. parksii beds suggest that recovery from disturbance is usually achieved by vegetative regrowth (C.D.G.H., unpublished data), a process that occurs at rates of 3-8 mm per year (19) . Applying that range of growth rates to our system, we can calculate that M. parksii would regain 16.8 vertical cm in 21 to 56 years if it were growing straight up a vertical wall. However, because our study site has an average slope of 18°, not 90°, and therefore the actual distance to recover is Ϸ54 cm, we predict it would actually take between 68 and 181 years for M. parksii to reclaim 16.8 vertical cm along our sloping shoreline by vegetative growth alone.
Implications of Future Warming Scenarios. In the case of M. parksii on Tatoosh Island, the long-term trend in air temperature is temporally nonlinear, but this nonlinearity does not appear to influence the timing of shifts in the upper limit of the alga. Rather, the changes are more akin to sudden shifts associated with linear stochastic environmental trends (i.e., temporally linear trends with stochastic variation around the trend line), as has been found in a variety of marine ecological time series (6) . Indeed, another turf-forming red alga (Endocladia muricata) also exhibits punctuated change in the position of its upper limit (20) , although the exact causes remain unknown. The potentially widespread occurrence of punctuated change presents particular challenges for conservation biologists and resource managers. For one, it is difficult to use short time series to estimate long-term trends. For example, if M. parksii had been monitored only from 1978 to 1992, we would have concluded that the upper limit of this species was stationary. Conversely, if we had data only from 1992 to 2004, we would conclude that it is shifting more rapidly than it likely is. Although punctuated ecological responses are difficult to anticipate, they can be modeled and, in a probabilistic sense, anticipated if sufficient information exists regarding the environmental thresholds that induce ecological change and the resilience of a population or community following the stress event (17) . Data on patterns of change at sufficient resolution are rare, but are invaluable in helping to pinpoint important abiotic thresholds. In this case, air temperatures above 24°C, coupled with calm seas, appear to be the trigger for complete mortality at and near the upper limit of M. parksii. However, interannual variation in the upper limits of other marine species could have other explanations (21) . Lengthy time series, as advocated by Biggs et al. (22) , are required to identify both the magnitude and especially the likely causes of these shifts.
Our results suggest that occasional extreme high air temperatures, when coupled with low tides and calm seas, result in severe disturbance to M. parksii beds and that recovery from such disturbance is extremely slow. Given the anticipated changes in air temperature during the current century, we can make some basic predictions regarding the return time of severe stress events. We estimated average ''return time'' by dividing the total time sampled by the number of stress events (see ref. 17) ; this metric provides a measure of the frequency of extreme events. Taking only those days with verified calm seas, the 24°C threshold was exceeded in only 2 (11%) of 18 years of observations (average return time ϭ 9 years). If we take the conservative IPCC scenario for 21st century warming (ϩ1.8°C) and apply it to observed temperature records from Tatoosh Island, there would be 5 summers out of 18 with stress events that exceeded 24°C (28% annual likelihood, average return time ϭ 3.6 years). Using the high end IPCC scenario (ϩ4.0°C), the threshold would be exceeded in 8 of 18 years (44% annual likelihood, average return time ϭ 2.25 years).
This increased frequency of disturbance would have important consequences for the distribution of intertidal species, including M. parksii. Our survey site is on a very wave-exposed promontory, which may make it especially vulnerable to calm weather as the M. parksii zone is above the extreme high tide line (15) . However, even lower shore populations would be vulnerable to stressful air temperatures during low tides and during periods of neap high tides. Thus, rising temperatures should result in a stepwise decline in the upper limit of M. parksii at most if not all sites. It is important to note that this may not result in a concurrent downward shift in the lower limit. The lower limit is determined by molluscan herbivores, and this limit is independent of temperature across a gradient of substratum orientation (8) . Thus, the M. parksii zone may eventually collapse to zero (a local extinction event) as conditions warm through time, as has been observed across local and regional scale temperature gradients in space (8) . Furthermore, in the southern portions of its range, or at localized ''hotspots'' (23, 24) , site-scale local extinctions should become more frequent, resulting in step-like range contractions that reflect the stochastic occurrence of lethal stress events. Although the ''tipping point'' and the mechanisms underlying the responses of this high intertidal alga may seem minor on a global scale, they clearly identify the challenge to managers of anticipating, let alone reacting to more catastrophic events. When rare and uncorrelated stressors, generally harmless when alone, coincide, their compounded impact can have dramatic population consequences (17, 25) . Such contingencies are potentially manageable when the stressors are of biological origin (e.g., anthropogenic nutrient input, fishing pressure; ref. 22 ). We are less optimistic when the forcing involves physical parameters (e.g., extreme ambient temperatures, wind velocity, wave height) such as we have identified. It remains to be determined whether the responses to our changing climate will be reflected in regime shifts involving integrated ecosystems or most clearly identified in the responses of individual species. Both are certain to be characterized by surprises, driven by contingencies, and dominated by complex patterns of temporal change.
Methods
Study Site and Species. M. parksii (formerly Iridaea cornucopia) is a turfforming red alga composed of upright fronds up to 4 cm in length and an encrusting basal system. M. parksii is common on exposed shores from northern California through Alaska (26); we studied M. parksii near the center of its latitudinal range on Tatoosh Island, located on the outer coast of Washington State (48°24ЈN 124°44ЈW). On the Tatoosh Island archipelago, M. parksii occupies a broad zone on north-facing slopes (8) . Our focal population was located along the northern shore of North Island, which is a very waveexposed bench subjected directly to northwesterly swell. Within the M. parksii zone, the bench slopes downward at a 10 -25°(mean 18°) angle until it reaches a vertical cliff Ͼ4 m high. The lower boundary of the M. parksii zone coincides with the discontinuity in the slope of the substratum, below which molluscan grazers have a refuge from avian predators. To best approximate sea level change relevant to a high intertidal species, we used mean higher high water (MHHW) rather than mean sea level. The tidal amplitude (MHHW-MLLW) varies on an annual cycle by Ϸ33 cm at Neah Bay; this variation was removed before statistical analysis by calculating each month's average deviation from the annual mean and subtracting this deviation from the raw data. Long-term air temperature records (1910 -2008) were obtained from the Western Regional Climate Center for Forks, Washington (station 452914), located 55 km south southeast of Tatoosh Island. We used summertime (April-September) average daily maximum temperature as our variable of interest. This time period corresponds with daylight low tides on Tatoosh and with the season during which Mazzaella experiences thermal stress. It should be noted that Forks is several km inland relative to Tatoosh, and daily maximum air temperatures at Forks are higher by Ϸ4 -5°C. However, there is a strong correlation between average daily maximum summertime temperatures at Forks and those of the longest available historical ) data set from Tatoosh Island (F 1,34 ϭ 24.8, P Ͻ 0.0001, R 2 ϭ 0.43). Data collected on Tatoosh in the mid-1900s were from a different location on the island, and are thus not directly comparable with the more recent (1985-present) Tatoosh time series. Monthly values of the Pacific Decadal Oscillation were obtained from http://jisao.washington.edu/datasets/pdo/#data. As with air temperature, we calculated the summertime mean of the PDO index for each year since 1910 using data from April through September.
Environmental Data
Mazzaella Surveys. Series of 2, 3, and 3 permanent stainless steel bolts (n ϭ 8) were drilled in the rock above the upper limit of M. parksii in 1978. Bolts were 1-2 m apart; the first 2 series were about 3 m apart, while the third was 20 m to the east. The upper limit of the M. parksii zone was measured as the distance from each bolt directly downshore to the uppermost edge of the continuous turf. Small outlying patches were ignored. The slope of the shore was surveyed with a rotating laser level along the 8 downshore transects below each of the 8 marker bolts. These measurements allowed us to translate measured distances from upper limit to bolt into absolute vertical positions relative to mean lower low water (MLLW).
Because the study bench varied slightly in its exposure to surge and spray, the upper limit of M. parksii was Ϸ30 vertical cm higher at the more westerly bolts than at the more easterly bolts. To standardize across this variation, we present upper limit data scaled relative to a long-term mean at each bolt. This mean was chosen to be the time period from 1978 -1992, which coincided with the longest period of relative stasis in the data.
To facilitate comparisons of environmental conditions and biological responses, we calculated a simple metric for each. As a proxy for environmental stress, we recorded the highest temperature of each summer that occurred on a day when seas were calm (defined as an average significant wave height Ͻ1.0 m at buoy 46041). Average significant wave heights Ͻ1.0 m occurred on 14.9% of days for which wave data were available during the summer (AprilSeptember). The maximum drop in the upper limit of M. parksii was described as the maximum drop to occur over a 4-week period (which reflects the 2-to 4-week sampling interval during the summer) divided by the standard deviation of this drop across the 8 transects. This is equivalent to calculating an effect size and helps to downweight apparent drops, which are driven by changes at a small subset of the 8 sites. Note that, as defined, the maximum drop associated with a particular stress event could be greater than or less than the total change in the upper limit over the course of the summer (see Table  S1 ). To reduce the possibility of coincidental (i.e., noncausal) associations, care was taken to ensure that drops occurring before the highest temperature of the summer were omitted (none of these drops were large). Statistical analyses were performed using JMP 7.0.1 (SAS Institute).
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